NASA has budgeted approximately half-a-billion dollars over the next several years to help two commercial industry teams demonstrate orbital transportation services, with the eventual goal of acquiring such services on a consistent basis for International Space Station (ISS) support after Space Shuttle retirement in 2010. The ultimate question for such space commercialization is the obvious: can firms achieve an acceptable financial return that will sustain their involvement in this market? SpaceWorks Engineering, Inc. (SEI) has instituted a development activity to determine a firm's financial return given factors such as failure and competition. Using the available data on potential ISS end-state (the configuration of the ISS at Space Shuttle retirement) and public data on potential suppliers, SEI has developed an agent-based model of the ISS support market. Agent-based models are higher fidelity simulations that allow better modeling of interactions of companies, their customers, and their competitors. For financial simulations of several firms or customers this may be a valuable complement to traditional spreadsheet-based models. In developing this model, SEI has leveraged knowledge gained through its previously developed agent-based model of the sub-orbital space tourism market. Two case studies are presented in this analysis; both use the same future ISS end-state demand. Each case study has two potential commercial companies compete to support the ISS from 2011 until 2017. The first case study does not include the chance of any vehicle failures, whereas the second case study does take into account failure using estimated probabilities for each company's vehicles. Public data has been used as a reference for modeling potential commercial service providers to the ISS, and SEI has strived to develop reasonable proxies for firms that are known to be interested in providing such services. The results of this study are not meant to represent the fortunes of any specific company, but to analyze in general whether companies can be financially successful supporting these markets. 
One direct result of the Columbia accident was the re-examination of NASA of its immediate mission goals (its Vision for Space Exploration), resulting in the decision to retire the Space Shuttle fleet by 2010. One direct result of the Ansari X-prize was providing an existence proof of the emerging commercial space community's capabilities to perform, informing the public and its government space program managers of potential new markets and suppliers. With these two events, the opportunity has arrived where a new market has emerged, namely supporting the International Space Station (ISS) in a post 2010 environment with commercial orbital transportation services for crew and cargo.
The ultimate question in space commercialization is the obvious: can firms achieve an acceptable financial return that sustains their involvement in this market? To go beyond the qualitative pronouncements of observers of this scene, SpaceWorks Engineering, Inc. (SEI) has instituted a development activity to quantify the answer. In essence, the goal of this study has been to use the best available information related to ISS demand and potential suppliers to model the market and determine the financial return given such factors such as failure and competitors.
Using the available data on potential ISS end-state (the configuration of the ISS at Shuttle retirement) and public data on potential suppliers, SEI has developed an agent-based model of the ISS support market. Agent-based models are higher fidelity simulations that allow better modeling of interactions of companies, their customers, and their competitors. For financial simulations of several firms or customers this may be a valuable complement to traditional spreadsheet-based models. In developing this model, SEI has leveraged knowledge gained through its previously developed agent-based model of the sub-orbital space tourism market 1 . Two case studies are presented in this analysis; both use the same future ISS end-state demand. Each case study has two potential commercial companies compete to support the ISS from 2011 until 2017. The first case study does not include the chance of any vehicle failures, whereas the second case study does take into account failure using estimated probabilities for each company's vehicles. Public data has been used as a reference for modeling potential commercial service providers to the ISS, and SEI has strived to develop reasonable proxies for firms that are known to be interested in providing such services. The results of this study are not meant to represent the fortunes of any specific company, but to analyze in general whether companies can be financially successful supporting these markets.
III. Background

A. NASA's Vision for Space Exploration (VSE) and Commercial Involvement
Within the United States a major focus of future space policy has been the Vision for Space Exploration (VSE), announced by President George W. Bush on January 14, 2004 . As stated in the VSE: "The fundamental goal of this vision is to advance U.S. scientific, security, and economic interests through a robust space exploration program." 2 The VSE has four major objectives: 1) Implement a sustained and affordable human and robotic program to explore the solar system and beyond. 2) Extend human presence across the solar system, starting with a human return to the Moon by the year 2020, in preparation for human exploration of Mars and other destinations. 3) Develop the innovative technologies, knowledge, and infrastructures both to explore and to support decisions about the destinations for human exploration.
The last objective of the VSE is interesting in its prominence, a top-level policy directive wherein NASA is tasked to seriously consider commercial involvement in space exploration. An important proponent of this thesis was the President's Commission on Implementation of United States Space Exploration Policy (June 2004), formed to examine the VSE itself. This commission stressed the imperative of commercial involvement as shown in their following recommendation: "NASA's relationship to the private sector, its organizational structure, business culture, and management processesall largely inherited from the Apollo era -must be decisively transformed to implement the new, multi-decadal space exploration vision. The Commission recommends: NASA recognize and implement a far larger presence of private industry in space operations with the specific goal of allowing private industry to assume the primary role of providing services to NASA, and most immediately in accessing low-Earth orbit. In NASA decisions, the preferred choice for operational activities must be competitively awarded contracts with private and non-profit organizations and NASA's role must be limited to only those areas where there is irrefutable demonstration that only government can perform the proposed activity." 3 The Commission suggested multiple initiatives NASA should pursue to involve the private sector including tax incentives, regulatory relief, and property rights in space. In the modern era there have been repeated calls from multiple areas within society for such change with only half-hearted initiatives eventually being proposed.
Most recently, NASA has stated that they will look to commercial companies to perform crew and cargo servicing of the ISS (after Shuttle retirement in 2010). Current NASA Administrator Griffin has made the argument for involvement of the commercial space community in this aspect of exploration:
"So it is a real dilemma -it is a real dichotomy: how do we engage competition and position ourselves to take advantage of the successes and accept the failures which inevitably occur in that environment while, at the same time, meeting the goals and objectives that we have as managers? What I've come to, after considerable thinking (with some discussion and modifications to come) -for NASA: the best way to do that is to utilize the market that is offered by the International Space Station and its requirements to supply crew and cargo as the years unfold…So, there will -and there must -be a government-derived capability to service the space station even after the shuttle is retired. But because there must be such a capability does not imply to us that that is the way we would most prefer -to have cargo and crew logistics requirements for the station satisfied. What I would like to do is be able to buy those services from industry…There is a line in our budget called 'ISS Crew and Cargo'. It is not overly well-funded right now -a couple of hundred million dollars…We plan to use that to get us started on that process…[You can] expect to see the government looking to 'make a deal' in a commercial sense." 4 Additionally, he reaffirmed these points in his opening statement at a House Science Committee Hearing on "The Future of NASA" wherein he stated:
"The loss of the Space Shuttle Columbia has made us acutely aware that one of the major impediments in fully utilizing the Space Station's capabilities is that we need a more robust logistics capability for crew and cargo than the United States or our international partners have readily available or on the drawing board. For this reason, we plan to leverage our nation's commercial space industry to meet NASA's needs for ISS cargo logistics and possibly crew support." 5 Chris Shank, Special Assistant to the Administrator stated at the Space Frontier Foundation's Return to the Moon Conference VI:
"We've run the numbers, the budget numbers, and we can't afford this plan-we simply can't-if we follow the business-as-usual approach…NASA needs commercial ISS crew and cargo operations…If we assume CEV was the only vehicle, in a business-as-usual conservative costing approach, that if we didn't take a firm fixed-price approach towards our acquisition practices on how we're going to provide ISS crew and cargo, we could not afford to move on to the Moon." 6 NASA does not view the capabilities of the commercial community as assured but is still willing to put up the ISS support market for commercial vendors, as Administrator Griffin has stated: "I have a lot of hope if we can get an existence proof in place of cheaper space transportation at any level….I'm using the first market that NASA has ever had as the anchor market and that market is space station resupply…I'm very much Thus there appears to be some genuine admission from NASA itself that the commercial community, in a new way, will be some portion of the implementation of the VSE. From NASA's perspective, the actual implementation of this commercialization policy would be directly tied to both the retirement of the United States Space Shuttle and the start of NASA's human lunar exploration architecture.
B. NASA's Commercial Orbital Transportation Services (COTS)
In This Commercial Orbital Transportation Services (COTS) announcement outlined an initial phase of activity broken out into two performance periods for demonstration of services in four mission capability categories as shown in Figure 1 . Period one consists of external unpressurized cargo delivery and disposal, internal pressurized cargo delivery and disposal, and internal pressurized cargo delivery, return and recovery. The optional period two consists of crew transportation. Goals were provided for the quantity of cargo to be delivered, cargo conditioning, and reliability. A full service solution involving crew/cargo pickup and integration, launch, on-orbit operations including ISS integration, reentry disposal or return and delivery is preferred by NASA. The announcement stresses that these are goals and not requirements. The actual solution to implement is left to the commercial providers, each of which were evaluated by NASA on the basis of technical confidence, management confidence, and price. Specifically, NASA has stated that they wish to build a portfolio of approaches to meet the government's servicing needs for the ISS that best accomplish capability coverage, risk spread, and market stimulation. If commercial companies can successfully demonstrate their ability to service the ISS during the COTS demonstration period or independently, NASA is expected, but not required, to purchase the services of one or more of these companies in Phase 2. The mechanism by which NASA will purchase these services is uncertain as are the details of the future purchases. The research of this paper assumes that evaluation of the services to purchase will be on a fixed price basis whereby the commercial companies offer a price to deliver an amount of cargo with the vehicle they operate. It is also anticipated that NASA may desire to purchase services from more than one company with the same objectives of the COTS portfolio approach, to ensure capability coverage, spread risk, and stimulate the market.
IV. Purpose
The study presented here investigates the International Space Station (ISS) commercial support market in a post 2010 environment. This timeframe would be equivalent to Phase 2 of the COTS program, wherein NASA is contracting for services from one or multiple commercial orbital transportation providers. Beyond an academic study, investigation of the COTS market has a direct benefit for commercial companies wishing to obtain an adequate financial return and for NASA management seeking to ensure that the needs of the ISS are met. From a Government/NASA perspective, results of interest from this research include:
1) The cost of space station services provided by emerging commercial companies as compared to use of NASA's Crew Exploration Vehicle (CEV), the CEV is designed for use in NASA's human lunar exploration architecture but could also be used to go to the ISS supplying crew and pressurized cargo delivery and return 2) The number of companies that can viably exist in an ISS support market and the overall economic impacts of purchasing from commercial providers From a commercial company perspective, outputs of interest from this research include:
1) The impact of prices and mass requirements upon the financial metrics of commercial companies 2) The feasibility of market capture in the face of competition from other companies and possibly NASA itself with the CEV 3) The effect of various market conditions on company financial success including NASA contracting decisions 4) Targets for top-level metrics such as cost and reliability in order to be profitable The primary method for this investigation is an implementation of the Nodal Economic Space Commerce (NESC) model. The NESC model dynamically simulates future space markets by representing producers and consumers as "agents" with specific behaviors and outputs. This implementation of NESC for the COTS market includes agents that that represent commercial suppliers interacting with a government agent to deliver crew and cargo services for various prices. General research was conducted using NESC to observe the following: 1) General dynamics of crew and cargo delivery to the ISS 2) ISS support market size and sustainability 3) Commercial firm pricing actions 4) Commercial firm financial return
The NESC tool and the ISS support market implementation were developed exclusively by SpaceWorks Engineering, Inc. (SEI). A separate agent-based simulation in NESC exists for the sub-orbital space tourism market.
V. Agent-Based Modeling (ABM) Overview
A. Issues with Simulation
The complex world consists of many interactions of multiple groups. These groups consist of simpler individual entities each with certain behaviors. As conditions around these entities change, so do their reactions based upon their behaviors. Multiple economic relationships exist between entities and need to be modeled.
Current conceptual level economic models do not fully capture the relevant interactions amongst all the players in a marketplace. From the diverse utility functions of each individual customer, to one's supply chain, to one's competitors, to the actions of the government; all these interactions are occurring simultaneously in the real marketplace. Higher fidelity models, optimization routines, and probabilistic life cycle simulation requires faster model execution times than currently available in spreadsheet-based formats. VBA coded functions and routines in Excel are typically much slower than similar coded routines in other programming languages such as C, C++, Java, or Python. Other relevant market modeling techniques that have been used extensively in other industries can be applied to current and future space markets.
There are different philosophies of modeling. Some are equation-based as in a typical spreadsheet model. Other techniques are simulation-based where there are actual steps for the simulation, perhaps in a certain arranged temporal order. Some of these simulation-based techniques include discrete-event simulation (DES) and what could be referred to as subset of DES known as agent-based modeling (ABM). ABM can provide a solution to the previously mentioned issues in spreadsheet-based modeling by allowing the simulation of dynamic and higher fidelity interactions. ABM is not just chosen to replace a conventional spreadsheet-based simulation because of the capability of higher fidelity that could easily be accomplished by use of programming language. ABM also allows the dynamic interaction of multiple entities within the marketplace.
B. Overview of Agent-Based Modeling (ABM)
ABM involves the interaction of heterogeneous agents with varied and dynamic behavior. Simulation can represent plants and animals in ecosystems, vehicles in traffic, people in crowds, or autonomous characters in animation and games. These models typically consist of an environment or framework in which the interactions occur with some number of individuals that are defined in terms of their behaviors. Each individual can be perceived as an autonomous decision-making entity referred to as an "agent." The characteristics of each agent can be tracked through time. Each agent decides for itself which actions to perform at what time, based on external conditions and private internal aspects (current beliefs, desires, etc). General benefits of ABM include: 10 1) ABM captures emergent phenomena: Emergent phenomena result from the interactions of individual entities. The whole is more than the sum of its parts because of the interactions between the parts. For example, a traffic jam, which results from the behavior of and interactions between individual vehicle drivers, may be moving in the direction opposite that of the cars that cause it 2) ABM provides a natural description of a system: The model seems closer to reality. For example, it is more natural to describe how shoppers move in a supermarket than to come up with the equations that govern the dynamics of the density of shoppers 3) ABM is flexible. It provides a framework for tuning the complexity of the agents: behavior, degree of rationality, ability to learn and evolve, and rules of interactions. There is an ability to change levels of description and aggregation (e.g. aggregate agents, subgroups of agents, and single agents, with different levels of description coexisting in a given model)
As some have stated ABM involves "Global consequences of local interactions of members of a population." 11 Another explanation of ABM includes 12 :
The new models combine lessons from biology with a bottom-up analysis. The aim is to create a society-inminiature inside a computer…the new models create virtual worlds with hundreds of miniprograms. Each miniprogram represents a real-world economic entity--such as a factory, store, bank, or household. These get tossed together in a silicon realm where they evolve as they interact with other entities, creating a dynamic economic model.
Through ABM one can better understand both an overall environment and the individual participants in that environment.
As "complexity science" has emerged as a field of inquiry in other disciplines, more investigation has been performed into the interactions of swarms, networks, biological evolution, etc. Coupled with more rigorous analysis of decision-making from the field of economics, techniques such as Agent-Based Modeling (ABM) have emerged. ABM has been used in multiple areas for analysis of dynamic interactions including voting, computer networks, biological investigations, social behavior, product sales, financial analysis, and macroeconomic analysis.
C. Agent-Based Modeling (ABM) Computational Frameworks
Agent-based software (and Object-oriented programming) provides the framework for creating an agent-based model. A wide range of agent-based modeling software tools are available to assist in building such models. The advantage provided by agent-based toolkits is the availability of standardized libraries for building simulation environments, collecting data, and creating user interfaces. 13 After evaluation of several ABM software frameworks, SEI has been using the RePast library of JAVA routines perform its agent-based modeling since 2005.
14,15 RePast (Recursive Porous Agent Simulation Toolkit) was created at the University of Chicago and is now maintained by the non-profit RePast Organization for Architecture and Development (RePast.sourceforge.net/). A large support base is available for RePast including tutorials and a searchable mailing list. Its libraries are well suited for economic and social modeling, and it features additional libraries for regression, Monte Carlo simulation, Genetic Algorithms, Neural Networks, and basic Game Theory. Version 3.0 of RePast is available for three different model development languages: RePast for Java (RePast J), RePast for the Microsoft.Net framework (RePast.Net), and RePast for Python Scripting (RePast Py). 16, 17 
VI. Nodal Economic Space Commerce Model (NESC)
The Nodal Economic Space Commerce (NESC) model is a dynamic, agent-based market simulation tool for the space marketplace. Each agent in the model is a representation of an entity within the space industry (consumers, producers, and the government) that provides or demands different products and services (Earth-to-orbit launch, habitats, resources, etc). The simulation makes use of the RePast discrete event simulation engine to execute company, market, and customer actions (see Figure 3) . Each agent has certain behaviors and interacts with other agents, such actions possibly resulting in competition between firms and entrance of new competitors. The NESC model can contain various future space markets and simulates the financial case of entities that undertake these projects. Each company autonomously decides its pricing strategy given its unique capacity, costs, and vehicle characteristics. NESC outputs the financial health of each company (cash flows, Net Present Value, market share, etc.) and can be used to explore various scenarios including supply vs. demand effects, customer preferences, and company strategies (including product differentiation and cost leadership). The first implementation of NESC was for the sub-orbital space tourism market. The next major case to be examined was the ISS cargo/crew re-supply with agents representing demand (NASA, ISS) and supply (NASA CEV, European ATV, Japanese H-II, Soyuz, Progress, emerging alternate U.S. providers). The current model for the ISS support market has been developed exclusively and is currently actively supported by SEI. 
C. ISS Configuration
The first element of the International Space Station, the Zarya Control Module, was placed in orbit in late 1998. The current configuration consists of a core of two more modules, the Zvezda Service Module and the Destiny Laboratory Module, and the Unity Node which has two mating adapters for docking. Five truss segments have been constructed including the P6 Truss which supports a large set of solar arrays. Other notable elements of the current configuration include the Russian Pirs docking compartment, the Joint Airlock, and the Mobile Transporter with Canadarm robotic arm. Eighteen Space Shuttle flights, eight of which delivered assembly components, have been made to date in support of the ISS.
It is estimated that at least 15 and as many as 27 remaining flights by the Space Shuttle are needed to fully complete the ISS. The Space Shuttle is the only existing vehicle capable of delivering the large Columbus Orbital Facility, Japanese Experiment Module, and other planned elements. Concerns about the reliability of the Space Shuttle, budget constraints, and the transition to new vehicles to support the VSE result in a great deal of uncertainty about the number of times the Shuttle will fly before its retirement in 2010. Figure 6 graphically depicts the current configuration of the ISS, the remaining elements to fully complete it, and those elements that would not be delivered in a 15 flight assembly sequence scenario. The figure refers to a 16 flight assembly sequence as it was produced before the most recent successful Space Shuttle flight.
Several scenarios are being analyzed within NASA involving anywhere between 10 and 26 remaining Space Shuttle flights. Regardless of the ISS assembly scenario, one additional Space Shuttle flight is planned servicing and repair of the Hubble Space Telescope. For this examination, a more complete ISS end-state configuration was assumed, specifically, one that included 15 additional Space Shuttle Flights (currently on the NASA manifest). There are other possible scenarios as well that could be considered. Such configurations include a 10 Space Shuttle flight end-state (with and without International Partner modules). This last scenario (10 flights without IP modules) may be significant because ESA and JAXA may not provide the ATV and HTV respectively if the COF and JEM modules are not delivered by the Space Shuttle.
D. Crew and Cargo Demand by ISS Configuration
The demands of the ISS by configuration used in this research provide a realistic approximation of the needs of the ISS for the different configurations considered but does not represent official NASA planning. It is not the intention of this research to analyze the future of the Space Shuttle or promote one particular configuration over another. As intuition would suggest, crew and cargo demands decrease with a decrease in the number of Shuttle flights. For a 15 Space Shuttle ISS end-state, the total crew size would be 6 with a crew rotation schedule of 6 crew rotated out every 6 months. Figure 7 displays a more detailed breakdown of the cargo demand. Note that the cargo quantities shown in the figures are transferable cargo only and do not include needed accommodation and tare masses such as packaging, pressure vessels, and docking equipment.
VIII. ISS Supply
A. Supply Modeling
While the launch vehicle and spacecraft combinations currently available and that will be offered in the future by commercial companies are all unique, their characteristics and performance capabilities can be captured with a set of parameters. Vehicles may be reusable or expendable and have associated costs. Vehicles are defined within NESC by setting the values of their variables and then associated with a particular company or International Partner. A company or International Partner may operate more than one vehicle and may participate in both crew and cargo delivery.
B. Vehicle Characteristics
NESC includes the capability for vehicles to begin operations in any year of the simulation. This is captured by the Initial Operating Capability (IOC) parameter. A flag within the Vehicle input file defines whether the vehicle is reusable or not and the user can specify the crew capacity of the vehicle. A non-crewed vehicle has a capacity of zero. The operations efficiency of the vehicle is defined through its time between flights which includes the time required to load the vehicle with cargo and prepare it for launch.
Vehicle cargo delivery capabilities are defined in categories corresponding to the demands of the ISS. For cost and performance considerations, the historical precedent is that some vehicles are designed to carry mostly unpressurized cargo while others are designed to carry predominantly pressurized cargo, but any combination is possible. The maximum amount of usable cargo the vehicle can deliver per flight is defined for the following categories: Meaningful economic modeling requires accurate estimation of costs. Significant costs include development, production, and operating costs. Each vehicle within NESC is associated with a launch operations agent where fixed and variable costs to launch the vehicle are defined. NESC also includes an ISS configuration cost category where any additional cost to outfit a vehicle such that it is capable of servicing the Space Station is specified. The cost parameters available for vehicles are: 1) Development, Design, Testing, and Evaluation Cost (DDTE) 2) Production Cost 3) Certification Cost -costs of licensing and launch safety requirements 4) ISS Configuration Cost -costs to configure vehicle for ISS service 5) Maintenance Cost -each flight for reusable vehicles 6) Fixed Operating Cost -yearly fixed costs 7) Operating Cost Per Flight -variable costs incurred per flight 8) Launch Site Fee -per launch fee paid to launch site operator 9) Insurance -per launch insurance fees Imperfect reliability of vehicles in the International Space Station support market could have a significant effect on the financial success of commercial companies as well as the ability to meet the supply demands of the ISS. The reliability of each vehicle is specified by the user within NESC along with the amount of time before the vehicle can fly again. This down time is intended to account for the time required to conduct an investigation into the mishap, make any necessary design improvements, and recover from the negative perception associated with a recently failed vehicle. If a vehicle failure occurs within NESC, any future flights scheduled for that vehicle over the contract period are recompeted to the available companies in the market. The failed vehicle may not fly again until the next contract period and until the down time has passed.
1) Pressurized 2) Unpressurized
C. International Partners
International Partner (IP) vehicles include current and future crew and cargo transfer vehicles operated, or expected to be operated, by Russia, Europe, and Japan. These vehicles are summarized in Table 1 including estimates of their variable costs. Note that this is not the price charged for the vehicle. Pricing is accomplished via the agent based modeling aspects of NESC. The cargo capacities of the International Partner vehicles are shown in Table 2 . 
D. Commercial Companies
Like the International Partner vehicles, the performance and cost parameters of commercial company vehicles were selected to be representative of vehicles expected to be operated, or that might be operated, by commercial companies. For this analysis, two commercial companies were modeled (referred to as COTS Firm A and COTS Firm B); each company provides ISS support in all of four categories defined by Phase 1 of NASA's COTS solicitation. The specific capabilities, costs, and reliability of these vehicles are given in Table 3 . Not listed in the table, but present in the model, is the capability of NASA's CEV to deliver crew and cargo to the ISS. Within NESC, this is represented by a third company in the model that represents a CEV manufacturer, assumed to be a large traditional aerospace company. This company operates the CEV and derivative vehicles and the Pressurized Cargo Delivery Vehicle (PCDV). The cargo capacity for the CEV and PCDV, vehicles was gathered from the results of the preliminary design and planning completed by NASA during the Exploration Systems Architecture Study (ESAS). For the analysis performed here, the Initial Operating Capability (IOC) of the project is assumed to be 2011, with development occurring from 2007 until 2011, fleet acquisition and ground facility development from 2008 until 2009, and 7 years of actual flight operations (ending in 2017). Additional financial assumptions about the program include the following: anticipated future inflation is set to 2.1%, tax rate of 28%, debt-to-equity ratio of 3, average nominal interest rate of 7.5%, and $30M financing exit criteria (if the combination of debt and equity required is above $30M in a non-development year, then the firm exits the market). Weighted Average Cost of Capital (WACC) is used as the overall project discount rate. WACC is a rate that is representative of the required return for a project. For this analysis the WACC is a proxy for the market risk premium. The WACC is dependent upon parameters such as risk free rate (6%), risk premium (15%), and comparable industries to this industry (for this analysis this include aerospace, air transport and E-commerce). For this analysis, the WACC for both companies was 22.59%. The above assumptions were based upon typical economic modeling guidelines from previous programs or best guesses about potential future space access project economic risk. For this analysis, similar values for the above parameters were assumed for all firms.
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An implicit assumption in this process based upon inputs to the model is that these firms are vertically integrated. Thus each company being modeled is developing the vehicle, acquiring the fleet, and performing ground and flight operations to provide ISS support. The cost structure and Net Present Value (NPV) outputs represent the business case of both the launch vehicle provider and in-space destination service provider. If such a vertically integrated company could achieve a positive financial return then that would indicate a high likelihood that separate companies providing the same overall service (i.e. subcontractors) could also achieve positive financial returns. There are specific differences between the two companies in multiple areas. One company has a larger payload crew and cargo payload capability, has a higher launch vehicle cost, and has a higher reliability. The other company has slightly lower launch vehicle costs but can be reused more often.
IX. Market Modeling
A. Contracts
The two variables available within NESC for contracting are the length of the contract and minimum number of different vehicles. The length of the contract refers to the amount of time in months over which NASA will purchase services from the winning company or companies before a new round begins. The companies will then service the space station by delivering the crew and/or cargo amounts demanded over that time period. The length of the contract can be set to any integer number of months. The minimum number of different vehicles variable defines the minimum number of different vehicles that NASA must purchase over the contract period. This variable allows for investigation into the effects of contracting with multiple companies on the ability to meet the demands of the ISS and on overall market viability.
B. Evaluating Suppliers
Offers from the commercial companies are evaluated within NESC by use of an Overall Evaluation Criterion (OEC). An OEC is a set of weighted criteria that can be thought of as a proxy for the customer. The NASA agent within NESC seeks to select from the offers of the companies a portfolio of vehicles that satisfies the demand of the ISS and maximizes its OEC. There are three criteria to the OEC: price, reliability, and historical flight success record. Each criterion has a multiplicative weight factor that allows for relative weighting of each criterion to the others in the calculation of the OEC. The variables available to the user within NESC for controlling how offers are evaluated are the criteria weights. It is anticipated that NASA will place more weight on price when evaluating cargo vehicles and more weight on reliability when evaluating crew vehicles. For the purposes of this research, weights were set to reflect this assumption.
The time frame of 2011 to 2017 was considered for this study. Some assumptions were made in an effort to reflect the most likely future reality of the ISS support market. It was assumed that International Partners are not allowed to compete with the domestic, United States commercial companies in supporting the ISS. It was assumed that the only vehicles available for purchase by NASA are the Russian Progress (both variants), Soyuz, and Kliper. These vehicles are only purchased if both commercial providers and the NASA's CEV cannot meet demand. It is assumed that Japan (HTV) and Europe (ATV) would be held to their ISS agreements to provide vehicles, but they are not true competitors to domestic U.S. firms but act to suppress overall ISS demand. The CEV and its derivatives are currently expected to begin operations no earlier than 2012. The IOC for the CEV, PCDV, and Russian Kliper was set to 2012 for all scenarios. Thus International Partner vehicles were assumed to supply the ISS for the first two years before the CEV vehicles come online, based upon their pre-existing contribution and availability. It was also necessary to make an assumption concerning the number of vehicles allowed to dock at the ISS per year. The chief limitation for number of vehicle dockings is the impact on the crew since considerable time and effort is required to unload cargo from a given vehicle. A maximum total of 18 dockings per year to ISS inclusive of all crew and cargo vehicles was assumed for all scenarios.
NASA's COTS program will provide funding to commercial companies for Earth to orbit space flight demonstrations, thus reducing the out of pocket DDT&E costs for commercial companies deciding to participate in this market. In order to account for this in the simulation, $485 million was spread among the companies in proportions based upon NASA's recent COTS announcement.
X. Case Study Results
Two specific case studies were conducted. In each case study, ISS demand remained the same as well as the number (2) and type of companies (COTS Firms A and B as previously described). The major difference between the two case studies is that the second case study included the possibility of random failures (based upon the input probabilities of each firm's vehicles).
A. Case Study 1: Two Companies with No Failures Possible
Reliability of the vehicles in this case study was set equal to one. In other words, the probability of failure of a vehicle was not included in this simulation. It is worthwhile to restate the assumptions that the results represent supply to an ISS configuration after 15 additional Space Shuttle assembly and supply flights from the time of this writing, and that the market period exists from the year 2011 to 2017.
Results of the case study demonstrate that two COTS companies in the ISS transportation and supply market can both be financially successful. The present values of the companies over the seven years of this market are graphically depicted in 
B. Case Study 2: Two Companies with Failures Possible
The second case study has the same inputs and assumptions as the case first case study, but also includes the possibility for COTS company, government, and International Partner vehicles to fail. A failure may have significant negative effects on company profitability. In the event of a failure, the payload is lost and the company receives no payment from the government. If the failed vehicle is expendable, the company has already incurred the cost of producing that vehicle. If the failed vehicle is reusable, the company writes the lost vehicle off of its balance sheet and incurs a cost to produce a replacement vehicle. Companies incur not only these costs of production, but also for accident investigation and engineering changes to improve the vehicle. In addition, the company loses some of its appeal to the customer in the government agent's OEC. In response, the company agent may reduce its prices in order to regain some of its appeal. The competitor company, on the other hand, may increase prices sensing that its product is more valuable. With these dynamics of failure present, each simulation is unique. Running the simulation for many trials allows for the formation of distributions on output variables of interest. 1000 trials were run in this case study.
The market summary for the probabilistic case study is provided in Table 5 . The mean values for major outputs from the probabilistic simulation are generally higher than those for the deterministic case with no failures. This is primarily due to the unreliability of International Partner vehicles. Commercial company services are purchased by the government to deliver any cargo that the failed ATV and HTV vehicles can not deliver. In the event that both commercial companies are unable to deliver crew or cargo due to failures or schedule unavailability, the government must purchase the CEV and derivative vehicles at a much higher price. These factors and the price setting strategies of the companies cause a higher number of flights needed, price per kg delivered, and price per passenger delivered when failures are allowed to occur in the simulation. Probability distributions for the average price of crew and cargo delivery services are shown in Figure 8 . The mean price per kilogram for delivery of cargo to the ISS is $40,681 (US FY06), while the average price per passenger for delivery of crew to the ISS is $17.35 million (US FY06).
Probabilistic analysis of the market with failures provides greater insight into the prospects for financial success of the individual companies. The mean NPV of Firm A is greater for the probabilistic case study with failures than the NPV of the deterministic case study with no failures. The mean NPV of Firm B, however, is lower. This is a reasonable finding since in the model the reliability of Firm B's vehicles is lower than the reliability of Firm A's vehicles, and highlights the significance of vehicle reliability to a company's success. Firm B is more likely to incur the costs of failure and Firm A garners more business for delivery services filling in for Firm B in the short term period after the failure. Over the seven year market period, the mean NPV of Firm A is $146 million (US FY06) and the mean NPV of Firm B is negative $6.8 million (US FY06). While a negative NPV has no real meaning, it indicates that the company is not financially successful. Probability distributions for the NPV of each company are shown in Figure 9 . Note that although the mean NPV of Firm B is negative, the company may still be financially successful. Firm A has a small probability of not being financially successful. Total undiscounted revenues of the COTS Firms, CEV provider, and International Partners (Russian Soyuz and Progress) for the probabilistic case with failures exceed $6.6 billion (US FY06). These revenues can also be thought of as the cost to the government since the government is the only customer in this market. The mean and standard deviation of revenues for each of the suppliers in the market is shown in Figure 10 . The revenues from commercial sales by International Partners are small in comparison to the other suppliers because the Russian Progress and Soyuz are used only as a last resort according to the assumptions of the model. Recall that the one HTV and one ATV flight per year are assumed to be "free" to the government as part of the international obligations of Japan and Europe respectively, and thus there are no International Partner revenues for those vehicles. The standard deviation for the CEV and derivatives supplier is large because these vehicles are not often needed but are highly priced.
C. Cost to Government Comparison
Substantial savings may be realized by the government by employing COTS companies rather than using the CEV and derivative vehicles to deliver crew and cargo to the ISS. This analysis shows that utilization of COTS suppliers could cost as little as half the cost of CEV variants. Figure 11 shows this relative difference in cost to supply the ISS. It is important to note that the CEV costs do not include the year 2011 costs as the CEV is not expected to be available until 2012. It is unclear how the government plans to address this situation should it arise. One possibility is that Russian Soyuz and Progress flights are purchased, but these costs to the government are not included in the Baseline costs shown in Figure 11 . In addition, the CEV costs include representative costs to deliver unpressurized cargo even though such a vehicle is not planned as part of the current NASA development. Both the CEV and COTS cost figures assume one ATV and one HTV flight per year, and any costs incurred for these vehicles are not included in Figure 11 . 
XI. Conclusions
As NASA invests more in the COTS winners and as the companies themselves progress in the initial demonstration phase of the program, it will be critical to examine Phase 2, actually supporting the ISS on a consistent basis. Using the Nodal Economic Space Commerce (NESC), as developed by SpaceWorks Engineering, Inc. (SEI), this analysis offers a first step in determining what will be the quantitative outputs of the government in enabling such a market.
The Nodal Economic Space Commerce (NESC) model is a dynamic, agent-based market simulation tool of the space marketplace and can be utilized to provide valuable insight into future markets, including supporting the International Space Station (ISS). The NESC philosophy allows for a more realistic and dynamic simulation of traditional and emerging space markets.
Deterministic simulation of two representative companies in competition to supply the ISS during the period from 2011 to 2017 demonstrates that both companies can be financially successful. When vehicle failures are taken into account, however, only a single company has a mean NPV greater than zero. Modeling failures as compared to the deterministic case also results in higher total cost to the government, higher prices per kilogram and per passenger, and a greater gap in NPV between the two companies.
Savings to the government can be realized both in average price per kilogram for delivery of cargo and average price per passenger for crew to the ISS. Competition between crew and cargo services companies also significantly reduces the cost of providing support to the ISS as compared to purchasing the CEV and derivative vehicles alone. Simulations for this study and other previously performed indicate that the government can save billions of dollars over a several year period by using commercial orbital transportation services to the ISS. 
